Abstract. Time-resolved spectroscopy is employed to analyze micro plasma generated in laboratory air. Stark-broadened emission profiles for hydrogen alpha and beta allow us to determine plasma characteristics for specific time delays after plasma generation. Stark shift, asymmetry, and full width half maximum measurements are used to infer electron density. The measurements of hydrogen alpha and beta Balmer series line shapes are analyzed using various theory results. Our laser-induced breakdown spectroscopy arrangement uses a Qswitched Nd:YAG laser operating at the fundamental wavelength of 1064 nm that is focused for plasma generation. The hydrogen alpha and beta lines emerge from the free electron background radiation for time delays larger than 0.3 µs and 1.4 µs, respectively. Neutral and ionized nitrogen emission lines allow us to infer electron density for time delays from 0.1 to 10 µs. The electron density values are compared with results obtained from hydrogen Balmer series line shapes.
Introduction
Laser-Induced Breakdown Spectroscopy (LIBS) techniques are employed to measure microplasma emissions in laboratory air. Figure 1 illustrates the schematic experimental arrangement. Figure 1 . Schematic experimental arrangement. The laser-induced plasma is generated by focusing pulsed radiation at 1064 nm from the top. Lenses, a Czerny-Turner spectrometer and an intensified array detector (not shown) are used to collect, disperse and record spectra. [1, 2, 3] . For the images reported in this work, the micro-plasma is generated parallel to the spectrometer slit by focusing Nd:YAG fundamental laser radiation at 1064 nm from the top using f# = 4 optics. Emissions from the plasma are imaged close to 1:1 onto the spectrometer slit, and in addition, we utilize a flat mirror to explore effects of self absorption. Self-absorption investigations are based on comparing results with and without the flat mirror [4, 5, 6] and by determining electron density from nitrogen lines [7] .
Results
The emission spectra are recorded by averaging 81 consecutive plasma generation events, with the ICCD detector set to record 276 spectra spatially-resolved along the slit height. Figure 2 illustrates typical results. The images are wavelength calibrated, detector dark-count subtracted, and detector-sensitivity corrected. A mirror and an additional lens was used to retro-reflect emissions through the laser-induced plasma. A gate-width of 10 ns was employed. For this experiment, we combined as well 2 vertical camera pixels for an effective pixel size of 26 μm × 26 μm. Early in the plasma decay, for delays of 0.3 μs, expansion speeds are typically hypersonic (or larger than Mach 5) yet for 3.0 μs time delays, speeds are supersonic. For an expansion speed of Mach 5, using a 10 ns gate width and an effective time delay of 2 ns by introducing the mirror, one finds on the order of 20 μm spatial displacement due to plasma evolution yet this is for 1:1 imaging smaller than the 26 μm linear dimension of two vertically combined pixels. The electron number densities for the hydrogen alpha and beta line was determined from the measured the full-width half maximum (FWHM) of the atomic emission spectra at a given time delay, using Equation (1) (1) The FWHM measurement is facilitated by fitting of measured spectra. For hydrogen beta fitting, contributions from Lorentzian and Gaussian components of spectral broadening are included. The shape of the Stark broadened line varies with N e which also corresponds with changes of the asymmetry. Measurement of the Stark profile FWHM is reasonable approach to determine N e . For our purposes, we use the FWHM of the fitted Voigt profile, and use empirical formulae [8] , tabulated profiles [9] or results from convergent theory [10, 11] .
In addition, we evaluated use of the asymmetric line shapes for the purpose of determining electron density using Equ (2) [12] :
where the blue I B , and red, I R , intensity values denote the lower and higher wavelength peaks of the Stark-broadened hydrogen beta profile. Details of this study are elaborated in Ref. [12] and show that for hydrogen beta lines, the accuracy of N e determination is much improved when using the FWHM approach. In the analysis of recorded H α spectra, ionized nitrogen lines at 648.2 nm and 661.1 nm can be used as well [7] to determine electron density. These two lines can be seen in Figures 2 (a) and ( 
Conclusions
Determination of the electron density from the FWHM of the Balmer H α and H β line proves to be more accurate than from asymmetry of the line shapes. Difficulty of determining the asymmetry parameters for especially incomplete profiles increases the uncertainty. For larger electron densities, or for shorter time delays from optical breakdown, the uncertainties become too large for determining N e from the asymmetry parameter. The electron density FWHM diagnostic shows the effects of hydrogen alpha self-absorption for the very early time delays of 0.3 μs, or when hydrogen alpha emerges from the free electron background. Hydrogen alpha and hydrogen beta measurement results of electron density agree for time delays of 3.0 μs within experimental error margins, and appear to only show insignificant effects due to self-absorption. The studies reported here focus on optically generated plasma in laboratory air; however, it is expected that self-absorption effects are more readily observable during laser ablation processes due to significantly higher electron density for laser-radiation interacting with solids.
